Abstract We report on a time-resolved study of the colloidal nanoparticle self-assembly into a high-quality nanoparticle crystal with the face-centered cubic crystallographic symmetry. In particular, the grazingincidence small-angle X-ray scattering technique was employed to track kinetics of the solvent evaporation driven self-assembly on casting a drop of plasmonic Ag nanoparticles on a silicon substrate. The shortrange (cumulative) disorder typical for paracrystal structures before the complete solvent evaporation at 300-350 s from the drop casting was found with the exception of the time window of 125-150 s where a highly regular transient phase with the long-range order was observed. This temporary improvement of the nanoparticle crystal perfection occurring shortly before the complete solvent evaporation is the main message of the paper. It is attributed to interaction between the surfactant shells of the neighboring nanoparticles getting into contact in the presence of solvent residua to the end of the solvent evaporation which results in a larger nanoparticle hydrodynamic diameter with a smaller dispersion and improvement of the crystallization. This process has direct impact on the quality of the resulting nanoparticle crystal and tailoring its properties.
Introduction
Colloidal plasmonic nanoparticles and their selfassembled two-and three-dimensional (2D, 3D) arrays (nanoparticle crystals) have been extensively studied in the last decade as promising structures for nanophotonics and biotechnology (Elbaz et al. 2013; Moscatelli 2012; Atwater and Polman 2010) . In particular, tailoring optical properties by the nanoparticle layout would enable us to circumvent diffraction limits of conventional optics (Rong et al. 2008; Maier et al. 2003; Willingham and Link 2011) . Such an approach requires control of the nanoparticle size dispersion that is closely related to the plasmon bandwidth (Martin et al. 2010; Link and El-Sayed 1999) as well as control of the interparticle distances and crystallographic symmetry in the nanoparticle array, which affect the dipole-dipole coupling between the neighboring nanoparticles (Macfarlane et al. 2011; Rupich et al. 2009 ). Typical methods for preparation of 2D nanoparticle arrays from colloidal solution are Langmuir-Schaefer (LS) and LangmuirBlodgett (LB) techniques or the solvent-assisted selfassembly during drying a colloidal drop that was casted on a substrate (Martin et al. 2010; Smilgies et al. 2012; Pohjalainen et al. 2010; Smith et al. 2009 ). The air-water interface utilized in LS and LB techniques requires nanoparticles with a hydrophobic surfactant shell Vegso et al. 2012; Dai et al. 2013) . For preparation of 3D nanoparticle arrays, the layer-by-layer deposition based on LS or LB technique or the solvent-assisted self-assembly may be employed Dunphy et al. 2008 ).
The solvent-assisted self-assembly seems to be the most attractive method for preparation of the nanoparticle arrays because of its simplicity and possibility to prepare nanoparticle arrays with various symmetries such as hexagonal, rhombohedral, face-centered cubic, or body-centered cubic (Smilgies et al. 2012; Vegso et al. 2012; Dunphy et al. 2008; Altamura et al. 2012 ) depending on the external drying parameters. Therefore, major part of studies on the solvent-assisted nanoparticle self-assembly have been devoted to the effect of the external drying parameters such as ambient temperature, temperature of the substrate, or evaporation rate on the crystallographic symmetry of the resulting 3D nanoparticle array (Dunphy et al. 2008) . However, little is known about the selfassembly kinetics itself that gives a key to tailoring the optical properties of the nanoparticle array. This paper is devoted to a study of the solvent-assisted selfassembly kinetics of silver plasmonic nanoparticles by the time-resolved small-angle X-ray scattering at grazing incidence (GISAXS). To our best knowledge, such a study has not been performed yet. The GISAXS technique is unique as it provides statistical information inherently averaged over hundreds of micrometers with adjustable in-depth sensitivity in the nanometer range (Renaud et al. 2009 ). In particular, build-up of the nanoparticle array in terms of the crystallographic symmetry, order perfection, or interparticle distance can be tracked in real time down to millisecond resolution provided a fast 2D detector is used. Such a study cannot be done by direct optical imaging methods requiring vacuum (SEM, TEM) or scanning probe techniques that provide local information.
Experimental details
The silver nanoparticles were synthesized from silver nitrate precursor by a high-temperature solution phase reaction. The synthesis details can be found elsewhere (Vegso et al. 2011) . The nanoparticles dissolved in toluene were stabilized with surfactant shells of oleylamine and oleic acid. The metallic core size of the nanoparticles of 6 ± 0.6 nm was determined by the small-angle X-ray scattering of the colloidal solution. The pristine colloidal nanoparticle solution was at first dried completely. Subsequently, 10 mg of the dried silver nanoparticles were dissolved in 1 mL of toluene. In the final step, 10 lL of this colloidal nanoparticle solution was drop casted on a silicon wafer of 20 mm 9 20 mm size by means of an automatic injector with container. Prior to application of the colloidal drop on the silicon wafer, the wafer was cleaned by polymer solution (First Contact) and subsequently put into an ozone-generating UV reactor (h m = 4.9 and 6.7 eV) . The in situ time-resolved GISAXS measurements of the drying drop were performed at high-brilliance synchrotron radiation source PetraIII at MINAXS beamline (DESY, Germany) (Buffet et al. 2012 ). The energy of X-ray photons was set to 12.65 keV (k = 0.098 nm). The size of the X-ray beam was 60 (±1) lm 9 40 (±1) lm in the horizontal and vertical directions, respectively. The total flux of the X-ray beam at the sample position was 5 (±1) 9 10 11 photon/s. In order to avoid radiation damage induced by the Xray photons, an aluminum absorber of 0.5 mm nominal thickness (attenuation factor 0.19) was inserted into the X-ray beam path. The X-ray beam was impinged on the sample surface at an angle of incidence of 0.7°. The components of the scattering vector q in the reciprocal space are defined as (Renaud et al. 2009 )
where a i and a f are the angles of incidence and exit defined in the plane normal to the sample surface, respectively, k 0 = (2p)/k and 2H f is the exit angle defined in the plane parallel to the sample surface. In the GISAXS region, the magnitude of q x coordinate is negligible with respect to the magnitude of q y one, hence, (q y , q z ) coordinates are sufficient to show the GISAXS patterns. A fast 2D silicon-based X-ray detector Pilatus 300K (Dectris, Switzerland) coupled to an automatic injector of the nanoparticle solution was used for measurement of a large series of GISAXS frames in the form of a movie. The exposure time of 0.5 s for one GISAXS frame was selected. For evaluation of the temporal evolution of GISAXS from the drying drop, series of 10 successive images were always integrated giving a resolution of 5 s. The in situ GISAXS measurements of the drying drop were complemented by the ex situ optical microscopy (VHX-500F, Keyence) and Rayleigh scattering measurements to visualize surface topography of the dried nanoparticle droplet. The optical microscopy images were taken with 509 ( Fig. 1a , b) and 3009 ( Fig. 1c) magnifications. The Rayleigh scattering was measured on a confocal Raman microscope (Alpha 300R, WiTec) where the notch filter blocking the excitation laser line (k = 532 nm) was removed. The imaging relies on visualization of the spatial distribution of the Rayleigh scattering line intensity over 100 lm 9 100 lm area was divided into 100 scanning lines where each line was sampled at 100 points (Fig. 2a) . The lateral and depth resolutions of the microscope in the configuration used were *300 and *800 nm, respectively. The integration time for each Raman spectrum was set to 0.1 s. Finally, in order to quantify the droplet surface profile in the normal direction, stylus profilometry (Dektak 150, Veeco) was applied.
Results and discussion
The optical microscopy images (Fig. 1) show the dried nanoparticle droplet of *16-mm diameter located approximately in the center of the 20 9 20 mm silicon wafer with concentric rings around the central stain. The droplet did not reach the substrate size, hence, the droplet wetting and subsequent solvent evaporation were not affected by the substrate margins. The mechanism of forming the ring deposits under these conditions was for the first time explained by Deegan et al. (1997) and was termed as the ''coffee ring effect''. Briefly, the droplet surface patterning shown in Fig. 1 is the result of a repetitive pinning and depinning of the shrinking droplet contact line (Lin 2012) . The droplet surface morphology was examined in more detail by Rayleigh scattering which revealed stripes corresponding to the ring deposits (Fig. 2a) . Their cross section (Fig. 2b) provides the full-widthat-half-maximum (FWHM) and full-width-at-tenthof-maximum (FWTM) values of the ring deposits of 11.1 and 20.2 lm, respectively, while the height of the ring deposites determined by stylus profilometry (not shown) reaches only 0.1 lm. Hence, the aspect ratio of the ring modulations is very low, being just 0.005. In the in situ GISAXS experiment, the X-ray beam propagated along A line depicted in Fig. 1b . Taking into account of the X-ray beam dimensions and the ring size as given above, the nanoscale GISAXS characterization of the nanoparticle crystal was performed exclusively in the region of the concentric ring deposits. The initial GISAXS pattern on the drop casting (Fig. 3a) shows a pair of clearly visible diffraction spots in the plane of incidence of X-rays. These spots indicate that stacking of the nanoparticle layers on the substrate is periodic along the substrate normal and suggests that the nanoparticle layers are in contact from the very beginning of GISAXS measurements. Presumably, nanoparticle clusters were formed in the injector container after its filling up with the nanoparticle solution still before the drop casting. Actually, *3 min was needed after filling up the container to inject remotely the solution and to start GISAXS measurements because of safety procedures (activation of interlocks, hutch closing). The absence of the diffraction spots out of the plane of incidence suggests that the nanoparticle positions inside the planes are uncorrelated. Hence, there is no 3D nanoparticle crystal immediately on the drop casting. The GISAXS pattern taken 120-125 s later (Fig. 3b) shows clearly visible diffraction spots out of the plane of incidence. The GISAXS pattern of the completely dried nanoparticle crystal (Fig. 3c) is similar; however, more diffuse scattering is visible outside the spots, which is related to an increased disorder in the nanoparticle crystal. The distribution of the diffraction spots corresponds to a highly ordered nanoparticle crystal with the face-centered cubic (fcc) symmetry and [111] direction oriented parallel to the substrate normal (Figs. 3d, 4a) . Hence, the crystal may be viewed as ABC stacking of hexagonally closed-packed nanoparticle layers (Fig. 4b) . The lattice parameter of the fcc nanoparticle crystal derived from the indexed spots in the GISAXS pattern is a = 11.9 nm that gives the interparticle distance inside the hexagonally ordered layers D ¼ ffiffi ffi 2 p =2a ¼ 8:4 nm and the interlayer distance d 111 ¼ ffiffi ffi 3 p =3a ¼ 6:9 nm. The evolution of 111 and 222 Bragg peaks obtained from integration of the GISAXS patterns around q y = 0 nm -1 for selected times of the drop drying is depicted in Fig. 5a . The intensities of both Bragg peaks increase with drying time which suggests increasing the diffracting volume as the solvent evaporates and the self-assembly proceeds. On the other hand, there are no distinct changes of the Bragg peak widths visible by a naked eye except for some broadening in the final state of the evaporated solvent at 300-305 s. The q y diffraction profiles of the Bragg peaks out of the plane of incidence obtained from integration of the GISAXS patterns in selected intervals of q z and time ( Fig. 5b-d ) emerge some 100-105 s after the start of the measurement when ABC stacking of the nanoparticle layers is established. Before, only broad modulations due to the nanoparticle form factor are visible. After evaporation of the residua of the organic solvent, highly ordered fcc nanoparticle crystal is formed.
In order to have a better insight into the changes of the Bragg peaks, the intensity profiles along q z axis of 111 and 222 Bragg peaks measured at different times were normalized to the maximum intensity and plotted in separate graphs (Fig. 6a, b) . A gradual narrowing of both peaks up to 120-125 s is observed suggesting an improvement of the stacking periodicity while the opposite takes place after 300-305 s. A direct comparison of the 111 and 222 Bragg peaks at different times ( Fig. 6c-f) indicates approaching their widths during the peaks narrowing with the maximum overlap at 120-125 s (Fig. 6e) before the opposite trend is established (Fig. 6f) . This evolution of Bragg peaks suggests a temporary transition of the shortrange order to the long-range one in [111] direction during the solvent evaporation that culminates at 125 s. In the following, the effect will be analyzed within the paracrystalline model of the nanoparticle ordering.
The self-assembly kinetics can be monitored rigorously by quantification of 111 and 222 Bragg peaks. The area A 111 under 111 Bragg peak as a function of time (Fig. 7a ) grows rapidly after 100 s and comes to saturation after 150 s. This suggests an increased number of the nanoparticle layers contributing to the diffraction along [111] direction when the drying process proceeds from the drop margins to the drop center. The interlayer distance d 111 = 2p/P 111 (Fig. 7b) derived from P 111 position of the 111 Bragg peak shows a small, but important S-shaped instability of &0.1 nm amplitude at 100-155 s is discussed further. The temporal evolution of the full width at half maximum (FWHM) of 111 and 222 Bragg peaks (Fig. 7c) in the interval of 0-100 s shows that the latter peak is broader. Such a Bragg peak broadening with increasing diffraction order is typical for the shortrange-ordered (paracrystalline) structures. Here, position of a nanoparticle inherits disorder from the nanoparticle neighbors; hence, disorder propagates in a cumulative way. In the interval of 100-150 s, FWHM values of both Bragg peaks exhibit dips that are mutually shifted in time. Consequently, FWHM of 222 Bragg peak approaches temporarily that of 111 Fig. 4 Fig. 5 Evolution of Bragg peaks a in the plane and b out of the plane of incidence of X-rays obtained from integration of the GISAXS patterns around q y = 0 nm -1 and in selected q z intervals, respectively, at different times. Mark FF denotes the form factor of the nanoparticles one as it can be seen in Fig. 8 . This suggests that in the interval of 125-155 s, the nanoparticle crystal transforms from a short-range-ordered to a long-rangeordered structure where the nanoparticle positions are distributed around the lattice points of space lattice with Gaussian probability. This is in line with an increased size of the coherently scattering domains in [111] direction derived from FWHM of 111 Bragg peak as P = 2p/FWHM (Fig. 7d ). After 155 s, the short-range order is re-established before the solvent is completely evaporated at 300-350 s. The FWHM of a diffraction peak with Gaussian shape in the short-range-ordered structure obeys the relation (Hindeleh and Hosemann 1988; Eads and Millane 2001) 
where n is the diffraction order, g is the degree of disorder of the short-range-ordered crystal, N is the number of the lattice planes contributing to a particular diffraction (domain size), and d is the interplanar spacing along the considered crystallographic direction. In our case, n = 1 and 2 for 111 and 222 Bragg peaks, respectively, N means the number of layers contributing to the diffraction in 
where FWHM 111 and FWHM 222 refer to 111 and 222 Bragg peaks, respectively. The temporal evolution of the degree of disorder and the domain size along [111] direction derived from Eqs. 5, 6 is shown in Fig. 9 . In the interval of 0-100 s, both parameters take up nearly constant values of &3.4 % and 15 layers for the degree of disorder and the domain size, respectively. When the crystal transforms from the short-rangeordered to the long-range-ordered structure in the interval of 125-155 s, the degree of disorder drops to 2 %, and the domain size increases to 18 layers. Later on, the evolution is reversed and saturates at 3 % for the former and 15 layers for the latter parameter. The temporal evolution of the domain size derived from the short-range order model (Fig. 9b ) agrees well with that derived from FWHM of 111 Bragg peak (Fig. 7d) . Another supporting argument for the appearance of a highly ordered transient phase follows from evaluation of the radial diffuse scattering that is directly related to the short-range disorder and domain orientation disorder in the nanoparticle crystal. Hence, a decrease and increase in the intensity between 111 and 31-1 diffraction spots (black rectangle in the Fig. 3c ) reflects a better or worse perfection of the nanoparticle crystal, respectively, in terms of the short-range order and/or domain orientation in [111] direction. Integration of the area of the black rectangle is plotted in Fig. 10 . Here, one can see the temporal behavior opposite to those shown in Figs. 7d and 9b with the extreme culminating at &125 s where any imperfection of the crystal structure goes obviously to minimum. Simultaneously, the interlayer distance in this intermediate stage of the droplet drying was Fig. 3c) temporarily increased by *0.1 nm (Fig. 7b) . This result is rather striking as the presence of the diffraction spots both in the plane and out of plane of incidence (Fig. 3b) suggests that the nanoparticles have already been in contact before. The result can be understood in view of specific properties of the organic surfactant shell covering the nanoparticle metallic core. For example, the chains of organic surfactant molecules standing up radially from the nanoparticle core could get better stretched in the presence of liquid residua of the organic solvent filling up the rest free spaces between the nanoparticles. This increase of the hydrodynamic diameter of the nanoparticles would improve temporarily the crystallization process as indicated by GISAXS before the solvent is completely evaporated, and the surfactant chains get folded in the dried drop. Hence, a low organic solvent content just before its complete evaporation would promote a solvent-assisted interaction between the surfactant shells of the neighboring nanoparticles resulting in stretching up their molecular chains and the transient structural effect observed. However, a definite interpretation of this effect will require a separate investigation owing to the complexity of the system under study. Similarly, a detailed analysis of the GISAXS pattern of the completely dried nanoparticle crystal based on the 3D short-range order (paracrystal) model is beyond the scope of this paper and can be found elsewhere (Vegso et al. 2014 ).
Conclusion
The time-resolved GISAXS technique was employed to study kinetics of the spontaneous nanoparticle selfassembly driven by the solvent evaporation. Formation of a 3D nanoparticle crystal with fcc symmetry and [111] direction oriented along the substrate normal was found after a complete drying of the colloidal solution drop at &350 s. The nanoparticle crystal exhibits the short-range order behavior with cumulative disorder except for the time interval of 125-155 s when a non-equilibrium transient phase with long-range order appears. Here, the degree of disorder drops from 3.4 to 2 % and the coherent domain size increases from 15 to 18 nanoparticle layers. Subsequently, the short-range order is reestablished with the final saturated values of 3 % for the disorder and 15 nanoparticle layers for the domain size. A solvent-assisted interaction between the nanoparticle surfactant shells shortly before the solvent is completely evaporated and is presumably responsible for the unusual transient effect observed, which has direct impact on the quality of the resulting nanoparticle crystal and tailoring its properties.
